Allometric scaling of maximal photosynthetic growth rate to surface/volume ratio Abstract-Values for maximum growth rates (p,,,,,) (d-l) at 15"-20°C and surface area/volume ratios (SA/V) (m* m-') for aquatic angiosperms (n = 14), macroalgae (n = 34), and microalgae (n = 44) were derived from our own experimental work and from the literature. A significant linear relationship (R* = 0.86) was found between log CL max and log SA/V with the slope 0.66 (95% C.I.: 0.61-0.72) and the intercept -3.80[95% C.I.: (-3.59X-4.00)].Onegeneralallometricexpression can therefore describe the scaling of maximal growth rate as a function of organism size over a 1,700-fold range of SA/V ratios spanning small unicellular algae as well as multicellular aquatic angiosperms. The size dependence of maximal growth rate for aquatic photosynthetic organisms is close to that expected from the well-known "3/4 law," governing the size dependence of metabolic rates in animals.
The general relationship that exists between organism size and metabolic rates is described by the allometric equation: rate = a(body size)b (Hemmingsen 1950; Zeuthen 1953; von Bertalan@ 1957) . For sizespecific metabolic rates the equation takes the form: rate/body size = a(body size)'when c = b -1. For unicells and animals, the value of b is well established to be about 0.75 and thus c takes the value of about -0.25. This metabolic relationship seems to hold for terrestrial higher plants as well (Hemmingsen 1950; Prothero 1979) . Likewise, the maximal growth rate scales with size of animals and unicells with a c value of about -0.25 (Fenchel 1974; reviewed by Peters 1983) . In contrast, Banse (1982) found only a weak size dependence of growth in diatoms and dinoflagellates and so questioned the applicability of the above socalled 3/4 law of allometry for planktonic algae.
The possibility that allometric relationships describe rates for a wide range of metabolic processes and over a wide range of organism sizes and types has important ecological implications.
Knowledge of the relationship between organism size and such important characteristics as respiration and maximal growth rate will make it possible to predict the potential productivity of individual plant populations and the energy budget of an ecosystem under optimal conditions if the present size spectrum of organisms is known. Comparison with observed values will indicate to what extent the system is limited by environmental factors, and what would be the possible effect of, for example, nutrient enrichment. Quantitative description of the size dependence of aquatic plant growth will also help in interpreting the closely related processes of photosynthesis, respiration, nutrient uptake, and population dynamics.
Our purpose in this study was to evaluate whether one general allometric equation describes the relationship between maximal growth rate and size in aquatic photosynthetic organisms. This evaluation was previously impossible because the necessary data were not available for multicellular macroalgae and angiosperms. We chose to relate maximal growth rate to surface area/ volume ratio (SA/V) instead of organism mass or volume because organism size is difficult to define in macroalgae and angiosperms, which do not (like animals and unicells) have a fixed mature size. The SA/V ratio of their photosynthetic parts is, however, well defined and easy to measure in conjunction with growth-rate determinations.
From the literature, we extracted maximal specific growth rates (pmax, d-l) and SA/V ratios (expressed as m2 m-3) for aquatic angiosperms (n = 14) (Nielsen and Sand-Jensen 1990) , macroalgae (n = 34) (Table l) , and microalgae (n = 44) (Williams 1964; Eppley and Sloan 1966; Blasco et al. 1982; Reynolds 1984 ). The growth rates of the aboveground parts of aquatic angiosperms were measured in the laboratory at 15°C. High availabilities of Iight and inorganic carbon as well as saturating nutrient conditions were maintained throughout the experiment (Nielsen and Sand-Jensen 1990) . Macroalgal growth was measured in cages positioned in the shallow water of two eutrophic Danish estuaries throughout the main growing season (April-October). The growth cages consisted of nylon net on Plexiglas frames. The size of the mesh was 0.5 mm to prevent access of grazers to the cages. Small portions of free-floating macroalgae with sheetlike or filamentous thalli, and the apical parts of large, attached, fucoid brown algae were placed in the cages. To ensure nutrient saturation, we added nutrient pellets containing N, P, and K.
Growth rates were calculated from biomass increase p = (In B 2 -In Bo)t-l in a series of 6-9-d experiments, where B. and Bt were the initial and final biomasses and t was the experimental period. The maximal growth rates attained over the season were used in the subsequent analysis. Maximal growth rates were observed at mean water temperatures between 15" and 20°C in May-June or August-September. SA/V ratios were measured in conjunction with growth experiments. Maximal growth rates of microalgae were extracted from laboratory experiments performed at 20°C. Correction for the small differences in growth temperature did not improve the relationship between pmax and SA/V.
Both gro,wth rates and SA/V ratios were Fig. 1 . The relationship between surface area/volume ratio and maximal growth rate for a wide range of aquatic photosynthetic organisms, comprising unicellular microalgae (0) and macroalgae (A) as well as rooted angiosperms (0). The two stress-tolerant angiosperms, Lobelia dortmanna and Littorella uniflora, are also shown 0. Note that both the X and Y axes are logarithmic. The line depicts the geometric mean (GM) regression on the log-transformed data. Formulas for calculation of confidence limits for GM regression lines were not available, but the basic statistics are: 2 = 4.885, IiS? = 2,280.245, P = -0.570, Zy2 = 66.080, %v = 0.754, n = 92. transformed logarithmically before analysis by a geometric mean (GM) linear regression (Ricker 1973 (Ricker , 1975 to calculate the slope and intercept of the allometric relationship. A GM regression is recommended in situations where both variates are subject to roughly equal error of measurement (see Ricker 19 7 3, who specifically mentioned length-weight and other allometric relationships). log SAN are apparently normally distributed (Kolmogorov-Smirnov one-sample test) and a residual analysis, in which the residuals were plotted against the independent variable as well as against the predicted dependent variable (Framstad et al. 1985) , revealed no systematic deviation when considering the entire data set. Therefore, the above allometric equation precisely describes the relationship between maximal growth rate and SAN ratio for this wide range of aquatic photosynthetic organisms. The SAN ratios cover a 1,700-fold range from angiosperms to unicellular algae and a 400-fold range in predicted maximal growth rate from 0.007 to 2.8 d-l (Table 2) .
Mass and volume are proportional to radius cubed, and surface area is proportional to the radius squared. It follows that the SAN ratio is a function of radius-'. For organisms that are geometrically similar and have specific metabolic rates proportional to mass with a slope -0.25 (as mentioned above for animals), the slope of the line log Pmax = a + b(log SAN) must be 0.75. The value we find for photosynthetic aquatic organisms (C.I., 0.6 l-0.72) is close to this empirical value for animals, even though it is hardly possible to claim geometric similarity over a range of aquatic photosynthetic organisms from angiosperms to unicellular planktonic algae. The relationship between prnax and SA/V can, as mentioned before, be described precisely by the line shown in Fig. 1 . It is clear, however, that a regression line through the data for microalgae alone would show a significantly lower slope than the regression line through the entire data set. The line for microalgae would have a slope of 0.47,95% C.I. 0.45-0.49, based on a GM regression. This finding confirms the observation of Banse ( 1982) that the size dependence of Table 2 . Mean and range of surface area/volume ratio (S-UV) and maximal growth rate (~,a for angiosperms (n = 14) macroalgae (n = 34) and microalgae (n = 44 growth for some reason is lower among microalgae than among other organisms, which has been confirmed by others (e.g. Blasco et al. 1982; Bell 1985) . The organisms under consideration here represent different life strategies. There is, of course, a correlation between life strategy, general morphology (and thereby the SA/V ratio), and the maximal attainable growth rate of an organism. Opportunistic plants ( sensu Grime 1979 ) are small or thin-leaved species with rapid growth, and competitive plants (Grime 1979 ) are larger species with thicker leaves or thicker thallus and slower growth (Dring 1982; Reynolds 1987) . Figure 1 therefore also depicts a gradient from competitive to opportunistic plants, where microalgae as a group can be viewed as opportunistic compared to macroalgae and aquatic angiosperms. The degree of stress tolerance (sensu Grime 1979) of the plants will, however, cause scatter around the line from competitive to opportunistic plants. Stress-tolerant species are adapted to environments with limiting levels of, for example, nutrients or light and are expected to have a lower growth rate than predicted from the allometric equation. In agreement with this interpretation, the data points of the two stress-tolerant angiosperm species Lobelia dortmanna and Littorella uniflora (Boston 1986 ) fall below the regression line (Fig. 1) .
Although the physiological or biophysical mechanisms that govern the size dependence of metabolic rates are uncertain (Peters 1983) , the relationship we have described has several important ecological implications.
Approximations of growth rates, productivity, and turnover rates of aquatic primary producers under optimal conditions in different ecosystems will thus be possible, provided knowledge exists of the size distribution and biomass of primary producers. In planktonic systems, allometric patterns often have been considered, but, more importantly, the allometric relationship allows estimation of growth rates, productivity, and turnover rates in shallow ecosystems containing planktonic algae, macroalgae, and rooted macrophytes. Aquatic ecosystems dominated by phytoplankton or rapidly growing, thin-leaved macroalgae, such as Ulva lactuca, will attain much higher productivity per unit of biomass than ecosystems dominated by slower growing macroalgae with thicker thalli (e.g. Fucus spp.) or by rooted macrophytes. It implies that the the turnover rates of nutrients in the ecosystems dominated by small organisms will also be correspondingly faster. Further, as organism size decreases from angiosperms to unicellular algae, there is an increase in protein content and nutritional value of photosynthetic organisms (Atkinson and Smith 1983). Loss rates of herbivore grazers therefore are also expected to scale with the SAW ratio of photosynthetic organisms. Indeed this pattern has been observed in comparisons within groups of macroalgae (Littler and Littler 1980) and unicellular algae (Reynolds 1984) . Consequently, the size of photosynthetic organisms is a major determinant of the pathways and rates of material transfer to higher trophic levels in aquatic ecosystems. Phytoplankton abundance in Florida lakes: Evidence for the frequent lack of nutrient limitation Abstract-A survey of the phytoplankton communities in 165 Florida lakes during 1980 indicated 27% of 308 samples collected had phytoplankton populations that were at or very close to their maximal achievable densities. This finding suggests that nonnutrient constraints including self-regulation by the algal community may be playing an important role in regulating phytoplankton biomass in many Florida lakes. Algal populations that were close to their maximal achievable densities had algal biomass values > 10 mg liter-l and Chl a concentrations > 10 mg m-3. As nonnutrient constraints became more important, algal communities shifted from small-celled, Acknowledgments Journal Series No. 9062 of the Florida Agricultural Experiment Station. This work was supported through a contract from the U.S. Department of the Interior (Project 14-16-0009-79-064) and state allocations to the Department of Fisheries and Aquaculture. We thank Benjamin Cuker, Jr., and Val Smith for constructive criticisms. diatom-green algal communities to communities dominated primarily by large, blue-green bacteria.
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The importance of nutrient limitation in the control of phytoplankton biomass in lakes is reflected in the predictability of Chl a concentrations from nutrient concentrations (Dillon and Rigler 1974; Jones and Bachmann 1976; Smith 1982; Peters 1986 ). Phosphorus-chlorophyll relationships, however, are typically unreliable (asymptotic with much scatter) once total P concentrations exceed 100 mg m-3, suggesting that phosphorus additions beyond that concentration do not enhance algal biomass (Forsberg and Ryding 1980; StraSkraba 1980; Canfield 1983; Prairie et al. 1989 ). This observation has been explained in the past by suggesting that N becomes limiting
